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By Willlem J. Nelson and Frederick Bloetischer

SUMMARY

Variaeble Mach number supersonic flows have been generated in a 2]:_';'-
by l%‘--inch fixed-geometry rectangular tumnel by removal of air ‘through

longitudinal slots of several proflles and proportions. The nature of
the flow over a range of Mach numbers up to 1.45 is shown in schlieren
photographs and pressure dlstributions along the tumnel. The most
mniform flow was produced by removal of alr through a singlie slot In a
flat surface.

INTRODUCTION

The utility of a conventional fixed-geomstry wind tunnel for
testing is seriously restricted in the supersonic regime because of its
limitation to a single Mach number. This limitation has been overcoms,
to a certain extent, by the use of interchengeable nozzle blocks, butb
this system is complicated by difficulties in comstruction, assembly,
end storage of many sets of blocks; and with each set of blocks the
tunnel operates at a single Mach number. Several systems of continu-
ously varying the tummel gesometry have been tried and continuous vari-
ations in Mach number obtalned. One solution involves the use of
elastic walls which are flexed to the desired shape. Other msthods use
nonelastic blocks the position of which 1s varilable elther by trans-
lation or robtation. Examples of these latter systems are found In
refersnces 1 and 2. A different approach to the problem of obtaining
a continuous range of Mach nuwber involves veriatlon of the amount of
air flowing through a fixed-geometry system. The advanteges of a
fixed-geametry supersonic tumnel with a continuous Mach mumber are
obvious. In the subsonic regime, it has besn found possible to eliml-
nate wind-tunnel boundary correctlons and to avoid btumnel-constrilction
effects at Mach numbers close to unity by the use of multiple longi-
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tudinal slots 1in the tunnel walls (reference 3). The present resesrch was
conducted in a rectangular slotted tunnel with glass slde walls to permit
visual observetlion of the flow as well as pressure measurements. A limited v
range of slot shapes has been studied to determine the influence of slot
area ratio, depth, profile, and dlstribution on the flow. In each con—
figuration, slot proflile was constant throughout the length of the
c¢hannel. The size and proportions of the tummel were determined by the
equipment available at the Langley induction aerodynamics laboratory end
are not necessarily optimum from the asrodynamic viewpoint. This work
wag initiated in November 1947 and is continuing with investigations of
the fundamentals of flow Into slots from supersonic streams and of the
flow inside the slots. Other work 1s in progress to determine the effect
of the slotted walls on tummel choking and shock reflection.

APPARATUS

The general arrengement of the experimental egulpment used in this
investigation is shown in.figure 1. The alr 1s accelerated to sonic - .
velocity in sm entrance bell with a contractlion ratlo of approxi-

mately T70:1l. The tummel tested was a 2%— by h—%—-i.nch constant-cross-

segtlon rectangular tube approximately 1T inches long with the slots in
one wall. The use of only one slotted wall corresponds approximately
to the use of an gsymmetrical nozzle resulting from replacing the plane
of symmetry of a symmetrical nozzle with a solid surface. This simpli-
fication in design greatly reduces the constructlon required and elimi-
natea the camplication of coordinated removel of alr from two surfaces
to obtaln axial flow along the plane of symmetry. The slotted walls
wore esgembled as Individual units of bars sepsrated to form the slots
of constant cross sectlon. The slots In the original installation were
divided into 12 compartments by transverse bulkheads % inch below the
surface of the slotted wall and fitted with individual butterfly valves
in an effort to obtain longlitudinal control of the rate of slr flow
into the slote. Early tests indicated that the throttling asctlon of the
valves in the critical reglon at the frontof the slote was negligible
because of the low alr veloclty through these compariments. Severe
disturbances of the flow resulted from an abrupt change in stream
direction ahead of each bulkhead. Therefore, the bulkheads were cut to

a point%‘ inch below the base of the slots and the velves were held in

the open position throughout these tests. A typical slotted-wall ' «
assembly is shown in figure 2(a2) and details of the individual bar
profiles in figure 2(b). Alr flow into the slots was effected by

reducing the pressure In the plenum chamber below the slots. A short _ -
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diffuser following the test section was used to reduce the power
requlred to gemerate & glven Mach nimber.

Pressure orifices 0.050 inch in dlemeter were installed in the
surface opposite the slotted wall and also in the plemum chamber below
the slots. A total-pressure tube and thermocouple were installed ahead
of the iInlet bell to determine the stagnatlion conditions. The pressure
data were recorded photographically from mercury msmcameters which pre-
cluded ‘the measuremsnt of stresm-pressure fluctuastiond. Wet- and dry-
buldb temperatures measured at the blower inteke were used in determining
gbgolute humidity of the ailr supply. A schlleren optical system of con~
ventional design, using 6-inch mirrors, and a spark light source pro-
ducing intermittent flashes of approximately 10 microseconds were used
as an ald for visuallzatlon .of the flow. A rake of nine conical tGipped

probes was Installed 6% inches downstream fram the leading edge of the

slots to faclilitate visual observation. These probes were located both
on the vertical cenbter line and laterally across the tumnel, with the
lateral probes dlsplaced enough vertlcally to facilitate individual
ldentification. -

SYMBOLS
A crosg-gectional area of channel
Ag minimum area of slot
A, area of slotted wall
8q sonic veloclty at stagnation conditions

By, stagnation pressure

h height of channsl

m mass fiow

P gtatic pressure along reflection plans

p'! static pressure below slots

x distance along axis of chammel from slot 1ip, Inches
3 angle of flow relative to porous wall
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¥4 ratio specific heats .
v deviation of stream at test section from direction at M = 1.0
Po density at stagnation point

RESULTS AND DISCUSSION

In a generallized dlscussion of one-dimensional steady flow through
channels 1t has been shown by Taylor and Maccoll (reference 4) that the
flow rate and stream pressure are rolated as follows:

5 Aga 2p (l) (l)

For alr 7 = 1.4, the mass-flow term reaches a maximm at a value

of = = 0.528 which corresponds to sonic velocity. Thus, supersonic

flow EP; < 0.528 can be obtained at constant pgay, by (1) increasing

crosg-gectional aerea A of the chanmel, (2) reduction of mass flow m
by withdrawal of alr through "porous" walls, or (3) by a combination
of both methodss Charte for designing minimum-length shockless nozzles -
have been calculated and are reporited by Shames and Seashore (refer-
ence 5). Similar calculations have been applied to a tube of constan'b-
crogg-sectlional area, equal to that at the polnt of sonlc veloclty,
determine the angle of-flow B wmelative-to the "porous" wall and the
portion of-air flow acrose this surface (fig. 3). The inltial turn,
equal to one-half of the total stream deviatlion, was taken abruptly

at x/h equal to zero. The second fam_;dy of characteristic lines was
assumed not to reflect from the porous swrface. -

Calculated pressures along the cenbter line of a symmetrical, two-
dimensional nozzle of minimm length are presented in Ffigure 3(c1) for
twe values of Initial stresm deflection. In the experimental sebup,
air removal was effected through only one wall; the solld wall opposite
the “porous" surface therefore corresponds to the plane of symmetry in
the theoretical nozzle. Comparison of experimentel pressure data from
a representative conflguration with the calculated pressure distri-
butions along this plane shows close agreement 1n the Inltial rate of
expansion. To faclliitate thls coamparison, the theoretlcal pressure
curves have been dlsplaced upstream equally on all pressure plots in
thls paper. .
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Effect of free-area ratio.- The results of seversal tests with single-
wall free-area ratios of. ; 1 =, and ::I); are presented for comparable values

of chamber-pressure ratio £- in figure 4. These floors were con-
structed of rectangular bars of %—:anh depth. From the schlieren

photographs one gains the general Impression of smoother flow in those
cases where alr removal was through slote for which the total area

was one-fifth of the wall area. In comparing these photographs, it
should be noted that the fileld of view varies scmewhat from one con-
figuration to amother. For camparable wvaluese of chamber-pressure ratilo,
_the Mach number of the flow, a8 indicated by the slope of the disturbance
lines, 1s greater for the larger slots. The veloclity distribubtlion in
the direction of flow is Indicated by the pressures medsured along the
reflection plane (figs. 4(b) to 4{(d)). The acceleration at the fromt
of the slotted sectlom in all cases follows closely that calculated
from the Prandtl-Meyer twrn.

For comparable values of chamber-pressure ratlo, the compression
following the initial expansion Increases with reduction of slot wildth,
This is not surprising since the pressure at the front of the slot,
which controls the extent of the Initial expansion, ls influenced less
by the slot pressure losses than polints further downstream. The
pressure at the forward edge of the slots approaches the chamber
pressure since the alr velocity In this part of the slot 1s wmdoubtedly
low. The compression following the initial expangion was cobserved l1n
all tests in which (1) the capacity of the slots was too small to
handle the alr turned 1n the Inltial expansion &t the pressure ratio
available, or (2) the flow expanded abruptly to a pressure corresponding
1o an initial deviation of more than one-half the total deviation
represented by the chamber-pressure ratio. This latter phencmenon was
obgerved with slotted walls that had a large free-area ratio. All
reported free-area ratios were calculated as the ratlio of minimum slot
area to total wall area of the slotted walle.

At compargble values of chamber-pressure ratlo one also observes
a marked decrsase In maximm Mach nmumber attalned as the ratio of slob
area to well area 1s decreased. This Is attributed to the higher
pressure loss through the smaller slote.

The effect of increasing the absolubte stagnation pressure from 55
1
to 70 inches of msrcury at comparsble valuss of %{; 1s shown 1in

figure 4(b). The reduced magnitude of the pressure variation following
the initlel expansion suggests that the loss characteristics of the

glots are not independent of the Reynolds number; the Iimprovement may
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algo be influenced by the increase In stagnation temperature and
decrease In relative humidlty of the air.

Effect of slot depth.~ Data taken in tests of three surfaces with
slots of equal wildth but of differemt depth are presented in figures 5
to Te A rake of conical-tipped survey probes has been installed at a
downstream station to facilitate analysis of -the schlieren photographs
as well as to provide & visual means of observing Mach number gradients
in the flow. The Intensity of the wave image from these probes is
indlcatlve of the semsitlvity of the schlieren system.

At Mach numbers close to unity, the flow ls spanned by multiple
‘shocks whose intensity and concentration is considerably lower with
alr removal between the deeper bars. The fluctuation of the stream
Mach number that occurred near wnlty, as measured from schlieren motion
pictures, hecame smaller as the stream Mach nmimber was incressed, and
at Mach nunmbers ebove M = 1.1 +the flow appearsd stable. At Mach
numbers above 1.25 the uniform spacing and slope of Mach lines indi-
cates satlsfactory flow over the entire length of the schlleren
pictures for all configurations. Parallelism of the shocks from the
probes indicates very unlform Mach number across the tunnel as well as
along the vertical center line. Exsmination of the flow close to the
slotted wall shows that the subsonic layer sbove the slots persists to
much higher Mach numbers In those tests wlth alr removal through the

1

The initial expansion at the front of the slotted section is
observed to follow the calculated curve gulte closely for the Z-inch
slot depth (fig.6(b)). With the l-inch slots (fig. 7(b)), the experi-
mental pressure &istribution 1s essentlally paralliel to the theoretical
curve bub is displaced downstreem. The downstresm dlsplacement of the
experimental curves suggeosts the existence of a vortex flow at the
front of the slots which would reduce the rate of turning of the flow
at the extreme forward edge of the slots. For the'%-inch 8lot depth,
the difference between the theoretical and the experimentel curves 1s
not considered significent because of the large varlatlon in Mach
number in the reglon shead of the slots. The compression following
thls premature expension also appears to originate from a point ahead
of the slot entrance. A detailed study of the flow on the nozzle
surface In this reglon indicates that the boundary layer 1n the corners
of the chember moved upstresm, in some cases reaching points as much
as 2 inches ahead of the slots proper, whereas no evidence of reverse
flow could be found on the central part of the well. It will be noted
at this poilnt that the pressures ahead of the slotted section are
consistently lower in these figures than in figure 4. This difference

g-inch-deep slots. _ } —
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i1s attributed to differences in the inlet flow produced by small differ-
ences In ‘the entrance-bell profile resulting from a modification of the
entrance bell and from the failring required to obbain a smooth contour
at the Joint between the bell and the test chamnel.

From a comparison of the. curves, following the initiael expansion,
it was found that the chamber-pressure ratio requlred to gemerate a

glven stream Mach muber was consistently smaller with %-:anh glots

throughout the range of these tests. Below M = 1.2 (-ﬁ% = 0.12
slightly larger chamber-pressure ratios were requlred with the deep
bars, but at higher Mach numbers the bar depth made 1lttle difference,
The influence of the survey tubes at the downstreem end of the test
channel precludes evaluation of the effect of slot depth on the length
of channel over which wmiform flow could be obitalned.

Effect of slot profile.- The shape of the slot emtrance has been
altered by changing the cross-sectional profile of the Individual bars
making up the slotted wall. The Influence of changes In crown of the
bars from .flat to semlcylindrical and triasnguler is found in a com-
parison of figures 8 and 9 with figure 6. At comparsable values of

chamber-pressure ratio %o, one observes camsiderably greater intensity

of the dlsturbances ahead of the probes with air removal between bars

with trisngular crowns. The appearsnce of the flow in the immediate
vicinity of the probes shows little influence of slot entry on the Mach

. t
number attained at a given value of -Eg.

The most significant dlfference in the pressure distribution
along the reflection plane is the increaese in Intenslity of the com~
Presslon followlng the initlal expansion wlth the trlangular crowned
bars. Minor differences are also observed in the chesmber-pressure
ratlos required ‘to atbtain a glven Mach number.

Tests using bars of lenticular cross section provide additional
information regarding the Influence of slot profile. In these tests
other parsmeters, that is, slot width, depth, and spacing, were also
altered (fig. 2(b)); the free-area ratio based upon minimm slot area,
however, was not changsd. WIith this configuration, the flow disturb-
ances are sharply concentrated (fig. 10(a)), with almost complete
gbsence of Mach lines through the remsinder of the flow. The pressure
distribution along the reflection plane {fig. 10(b)) is very similar to
that measured with the alr flow between bars wlth trlangular crowns.

Analysis of the flow through the slotted sections of the channel
indicates that the differences assoclated with changes in slot profille
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originate. very close to the leadlng edge of the slots. In all cases,
the rate of expansion is similar to that calculated for the theoretical
flow around a sharp corhers The extent of the initial flow deflectiom
Increases with reduced obstruction at the entrance level, but because
the slots comverge, part of the flow must returm toward 1ts originsl
path. The latter turning i1s accamplished through multiple compressions,
the spacing of which is determined by the depth of the convergent R
sectlon of the slot and by the rate of convergence of the slot. Thus
1t appears unlikely that satisfactory flow will be generated by the
flow of alr between trianguler crowned or lenticular bars with abrupt
transition from the closed throat to the slotted sectlion. The flat

and the circular crowned bars, on the other hand, generate equally
gatlsfactory flows under the same condltionse The flat -bars appear

to be more deslrseble from a construction standpolint.

Effect of slot distribution.- Tests of a wall with the entire open
area. concentrated In a.single slot at the center of—the channel are
presented in figure 11 for comparison wilth the results obtalned with
alr removal through multiple rectangular slots of the same depth
(fig. 6). The main flow in each case appears equally smooth from the
schlieren photographs wilth but minor differences exlsting in the sub-
sonic layer adJacent to the glotted wall. The pressure distributions
are, -in general, more wmiform with the single slot at the higher Mach
numbers, but in the range below M = 1l.15 +the pressure variations
along the. channel are somewhat lower wlth multiple slote. The chember-
pressure ratlios required to obtaln a given Mach mumber were somewhat
lower with the single.slot.

The Influence of slot spacing can best be discussed by considering
the individual slots as lines of pressure disturbances, the Intensity
of which decreases in the dlrection of flow. Since, In the 1ldeal case,
all of these dlsturbances produce expansion, thelr influence is confined
to cones lying within the Mach cone. ZXach disturbance for which the
intensity decreases with increasing distaence from the axils of the cone
produces & change in flow whose direction is always toward the axis.
The influence of parellel dlstuwrbances will produce additive changes
in flow In the region of intersection of the conese Thus, a plane
midwey between parallel conss of equal strength wlll define the region
in which the net lateral change in the flow 18 zero. At all polnts in
this plane the flow will be directed toward _the Intersection of this .
plane with the wall containing the axis of the conese The required
change in directlon of—the air between the slots to planes parallel to
the wall 1s accomplished through compresslion waves which reinforce +to
produce finite disturbances in the stream. B !
distance between parallel cones decreases both the magnitude of the
mutual inberference and the space rate of change of the flow direction,
1t seems apparent that at corresponding points in the flow more umiform
,velocity will be obtained with a single slote
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Influence of instrumentation.- The presence of the survey tubes in
the channsl has previously been observed to reduce the distance over
vhich wmiform veloclity could be obtained. The magnitude of this effect
18 indicated by the difference between the pressures measured gbove the
single slot wlth the ‘probes installed (fig. 11(b)) and without the
probes (fig. 11{c)). The influence of the probes at Mach mumbers
below 1l.15 extended far upstream, but at higher Mach numbers was con-
fined to the vicinlty of the probes themselves. The magnitude of this
influence 1s probably determined by the ratioc of slot width to total
channel perlphery rather than by the ratlo of open to closed area
of the slotted weall.

CONCLUSIONS

The results of thils investigatlon of a varisble Mach number two-
dimensional supersonic tunnel of flxed geometry Indicate that:

l. Controlled varlable Mach number supersonlc flows cemn be
generated In a flxed-geometry slotted channel by varylng the pressure
ratlo across the slots.

2. The Initial rate of expansion at the fromt of the slobted
gection 1s approximatsly equal to that calculated from the Prandtl-
Meyer expansion for supersonic flow around a sharp cornser.

3. Decreasing the ratlio of slot area to wall area in a glven test
section reduces the stream Mach mimiber which can be generated at a
glven ratio of chamber pressure to stagnation pressure.

4, For given operating conditions, increasing slot depth from X

0 1 inch increased the Mach number attalned below M = 1.23 at hi
Mach numbers the slot depth made little difference.

inch

5« If the alr dlrected Into the slots by the Initisl expansion
oxceeds that which will flow through the narrowest section of the slot
at the pressure dlfference avgilsable, the resultant change in flow
dlrectlion produces compressions and corresponding irregularities in
Mach number distribution along the channel.

6. Increasing the distance between adjacent slots effected
substantial improvement in the wveloclty distribution along the
directlon of flow.

Langley Aeronautical Leboratory
National Advisory Commlittee for Aeronautics
Langley Alr Force Base., Va.
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(2) Gensral arrangement.
Figure 1.— Teat equipment.
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(a) -A.ssambly, gingls slot configuration shown,

Flgure 2.- Slotted walls, (All dimensions are in inches.)
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(a) Minimm length nozzlse.

Figure 3.— Theorstical cuxrves for a minimmlength norzle.
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(c) Air flow into "porous"™ wall,

Figure 3.— Continued.
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Cross (+) indicates where x = 6 inches.

Figure 4.— Flow through rectangulsr tunnel with uniform longitudinal
glots of different widths.
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Area ratio /5

(a) Schlieren photographs. Slotted wall at top. L-59012

Flgure 5.— Flow through rectangular tunnel with uniform longltudinsl

slots of ﬁl —linch depth.
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(a) Schlleren photographs., Slotted wall at top. 1.-59008

Figure 6.— Flow through rectangular tunnel with uniform longitudizal
slots of %—inch depth.
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(a) Schlieren photographs. Slotted well at top. L-59015

Figure 7.— Flow through rectangular tunnel with uniform longitudinal
s8lots of l-inch depth.
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(b) Pressure distribution along reflection plane.

Figure T.— Concluded.
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(a) Schlieren photographs., Slotted wall at top. L-5901)

Figure 8.~ Flow through rectangular tunnel with uniform longitudinal
slots formed by cylindrical crowned bars.
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(b) Pressure distribution along reflsction planse.

Figure 8.— Concluded.

--[17



¥



NACA RM LgD29a _ 13
SN

0000aN

Area ratio /5

317

(a) Schlieren photographs, Slotbted wall at top. L-59011

Figure 9.— Flow through rectangular tunnel with uniform longitudinal
slots formsd by trlangular crowned ‘bars.
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(b) Pressure distribution along reflection plane.

Figure 9.— Concluded.
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(2) Schlieren photographs. Slotted wall at $oP. 1 _cgn1z

Figure 10.— Flow through rectanguler tunnel with uniform longitudinal
slots formed by lenticular bars with 45° apex angle. :
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(b) Pressure distribution along reflection plans,

Figure 10.— Concluded.
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Figure 11.—~ Flow through rectangular tunnel with a uniform longitudinal

slot of rectangular profile,
R

(&) Schlieren photographs, Slotted wall at top.
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Figure 11.- Continued.

(b) Pressure distribution slong reflection plans,
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(c) Pressure distribution along reflection plane without gurvey probes.

Figure 11,— Concluded.
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